Numerous grading scales have been proposed to predict the outcome of aneurysmal subarachnoid hemorrhage (SAH); however, these have not been validated in angiogram-negative SAH patients. In this study, we aim to validate and compare the aneurysmal SAH grading scales in angiogram-negative SAH patients. There were 190 angiogram-negative SAH patients analyzed from January 2014 to December 2015. The outcomes were measured by delayed cerebral ischemia (DCI) and poor outcome (defined as modified Rankin Scale (mRS) 3-6 or 4-6). The predictive performance of the grading scales was assessed via evaluation of distribution, trend, association, and discrimination. In regard to the distribution, none of the patients were categorized as HAIR 8 and SAH score 8. Both grading scales indicated a significant trend between scores and outcome (P < 0:05), and association with the outcome (OR > 1). The modified Fisher Scale (mFS), World Federation of Neurosurgical Societies scale (WFNS), and combined scores VASOGRADE and HAIR showed good predictive accuracy (area under the curve ðAUCÞ > 0:750) for DCI. The predictive accuracy in each scale performed well in predicting poor outcome, with the exception of mFS and the Subarachnoid hemorrhage Early Brain Edema Score (SEBES). However, the mFS performed with increased accuracy when predicting mRS 4-6. The VASOGRADE, HAIR, and WFNS may be valuable prognostic tools for predicting both DCI and poor outcome. The mFS can be applicable for predicting DCI and mRS 4-6. The SAH score and the Hunt-Hess were also optimal for predicting poor outcome. The predictive performance of SEBES was relatively poor compared to the other scales.
Introduction
Angiogram-negative subarachnoid hemorrhage (SAH), accounting for 15-20% of SAH, was considered a special type of spontaneous SAH with a benign progression and better outcome compared to aneurysmal SAH [1, 2] . However, angiogram-negative SAH still has a definite incidence of delayed cerebral ischemia (DCI) and poor outcome, particularly in patients with a nonperimesencephalic bleeding pattern [1] . More than 40 prognostic grading scores [3] , including the Hunt-Hess (HH) [4] , the World Federation of Neurosurgical Societies scale (WFNS) [5] , the modified Fisher Scale (mFS) [6] , the Subarachnoid hemorrhage Early Brain Edema Score (SEBES) [7] , the VASOGRADE [8] , the HAIR [9] , and the SAH score [10] , were proposed to guide the clinical treatment after SAH. However, none of these were initially designed for use in angiogram-negative SAH patients. These grading scales were derived and validated in the aneurysmal SAH patients but were also commonly used in the clinical assessment and prognosis of angiogram-negative SAH patients. The effectiveness of clinical, radiological, or combined scores has rarely been validated in patients with angiogram-negative SAH. Herein, we designed this study to validate and compare the predictive performance of aneurysmal SAH grading scales in patients with negative angiograms. An optimal selection of grading scales may assist neurologists in making informed decisions, allowing for improved care and treatment in angiogram-negative patients.
Methods

Study Population.
Our study retrospectively reviewed past clinical records and imaging data of 1,119 spontaneous SAH patients in The Second Affiliated Hospital of Zhejiang University School of Medicine between January 2014 and December 2015 with approval from the local Institutional Review Board. No patient consent was required in our study, as our Institutional Review Board had approved full waiver of consent. All SAH patients were screened by computed tomography angiography (CTA) at admission, followed by emergent digital subtraction angiography (DSA) examination within 72 hours. The inclusion criteria were derived from the definition of angiogram-negative SAH, as previously described in a study with patients lacking a definitive causative lesion on CT angiography and DSA [1] . Patients were excluded if they sought care more than 3 days after the onset of SAH, if they had a history of trauma or previous brain injury (chronic changes depicted on CT imaging), if the patient had serious comorbidities prior to SAH onset (i.e., severe coagulation disorders and uncontrolled arrhythmia), and lastly, if patients' radiological data were unavailable. Furthermore, we reviewed the baseline characteristics, such as age, sex, history of smoking and drinking, hypertension, hyperlipidemia, diabetes, and heart disease. Prognostic grading scales were divided into clinical, radiological, and combined scores. Clinical scores included the WFNS and the HH, and these were obtained by reviewing the medical records at admission. Radiological scores included the mFS and the SEBES, and these were scored by two doubleblinded neurologists based on the CT image at admission. An independent neurologist was applied if there was a lack of consensus among the former two neurologists. The combined scores, including the VASOGRADE, HAIR, and the SAH score, were scored according to clinical and radiological data. The length of hospital stay (LOS) and SAH-related complications were also recorded in the baseline characteristics.
Patient Management.
All patients were treated according to the Neurocritical Care Society and American Heart Association SAH guidelines [11, 12] . Nimodipine was administered to prevent cerebral vasospasm, and euvolemia was maintained in all patients via intravenous hydration. Hemodynamic values were monitored via electrocardiogram while the patients were admitted.
Outcome Measures.
Two outcome measures were used, including DCI and poor outcome. DCI was defined as symp-tomatic vasospasm or emergence of a new infarction on CT or magnetic resonance imaging (MRI). Symptomatic vasospasm was diagnosed as the development of new focal neurological signs or deterioration of consciousness, which excluded other definite causes [13] . Each patient underwent routine CT examination prior to being discharged.
Poor outcome was measured by the modified Rankin Scale (mRS) at three months after discharge [14] and recorded by outpatient records or telephone interview. The mRS was divided into two binary outcome categories: (1) poor outcome-mRS 3-6, favorable outcome-mRS 0-2; (2) poor outcome-mRS 4-6, favorable outcome-mRS 0-3.
Statistical
Analysis. SPSS 22.0 (SPSS Institute, Chicago, IL, USA) and MedCalc Statistical Software version 18.2.1 (MedCalc Software bvba, Ostend, Belgium; http:// www.medcalc.org; 2018) were used for statistical analysis. P < 0:05 was considered statistically significant. Continuous variables were expressed as means ± standard deviations (SD). Categorical variables were expressed as frequencies with percentages. Predictive performance of grading scales was compared by distribution, trend, odds ratio (OR), and discrimination [15] . The trends between scores in grading scale and prognostic indicators, as well as OR values, were analyzed by binary logistic regression analysis. Discriminations were presented as receiver operating characteristic (ROC) curves, and were compared with the area under the ROC curve (AUC) by using the Delong test. AUC > 0:750 was considered favorable predictive accuracy [16] .
Results
Patient Characteristic.
A total of 208 SAH patients had negative angiogram at admission, with 190 patients included in the final cohort for analysis. The remaining 18 patients were excluded as follows: 10 patients who presented to the hospital more than 3 days after SAH onset, 2 patients with a history of trauma, 2 patients with serious arrhythmia prior to SAH onset, and 4 patients without CT image at admission ( Figure 1 ).
Among 190 angiogram-negative patients, the ages ranged from 24 to 85 years (mean 57:5 ± 11:8 years) and 96 (50.5%) were male. Patients' characteristics are presented in Table 1 . A total of 11 (5.8%) patients suffered from DCI, 9 suffered from both symptomatic vasospasm and delayed cerebral infarction, and 2 suffered from only delayed cerebral infraction. There were 3 new infarctions found by both MRI and CT, but those found in the remaining 8 patients were found by CT. Lastly, 20 (10.5%) patients had an unfavorable outcome with mRS 3 to 6, and 13 (6.8%) had an unfavorable outcome with mRS 4 to 6.
3.2. Distribution of Grading Scales. In clinical scales, most patients had a WFNS grade of 1 (86.8%) and an HH grade of 2 (58.9%). In radiological scales, 56.3% of patients had a SEBES grade of 0, while mFS had a relatively equal patient distribution in each grade. As for the combined scales, VASOGRADE green (72.1%) had the highest percentage of patients. More than 80% of patients had HAIR grades of 0 Table 2 ). All scales, including the WFNS (P for trend < 0:001), HH (P for trend < 0:001), mFS (P for trend < 0:001), SEBES (P for trend < 0:015), VASO-GRADE (P for trend < 0:001), the HAIR (P for trend < 0:001), and the SAH score (P = 0:004) showed a strong trend between increasing scores and DCI rate ( Table 2 and Figure 2 ). The VASOGRADE (AUC = 0:858, 95%CI = 0:800-0:904), mFS (AUC = 0:839, 95%CI = 0:779-0:888), HAIR (AUC = 0:809, 95%CI = 0:746-0:863), and WFNS (AUC = 0:773, 95%CI = 0:707-0:831) showed favorable predictive accuracy ( Table 2 and Figure 3 ), despite a lack of statistical significance being found in the statistical comparison of AUC values (Table 3) . Table 2 ). All scales, including the WFNS (P for trend < 0:001), HH (P for trend < 0:001), mFS (P for trend < 0:002), SEBES (P for trend < 0:049), the VASO-GRADE (P for trend < 0:001), HAIR (P for trend < 0:001), and the SAH score (P < 0:001) showed a strong trend between increasing scores and poor outcome rate ( Table 2 and Figure 2 ). Meanwhile, the clinical scales and combined scales showed a good predictive accuracy. The order of AUC values are as follows: HAIR (AUC = 0:833, 95%CI = 0:772-0:883), VASOGRADE (AUC = 0:823, 95%CI = 0:761-0:874), WFNS (AUC = 0:807, 95%CI = 0:744-0:861), SAH score (AUC = 0:806, 95%CI = 0:742-0:860), HH (AUC = 0:774, 95 %CI = 0:708-0:831), mFS (AUC = 0:712, 95%CI = 0:643-0:776), and the SEBES (AUC = 0:629, 95%CI = 0:556-0:697) ( Table 2 ). The AUC of the SEBES was significantly lower than Onset > 3 days (n = 10) History of trauma or previous brain injury (n = 2) Accompanied with serious comorbidities (n = 2) Radiological data lost (n = 4)
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When predicting mRS 4-6, the VASOGRADE (OR = 17:015, 95%CI = 5:651-51:234) still maintained the highest OR value. The order of OR values remained the same in regard to predicting mRS 3-6: HH (OR = 4:963, 95%CI = 2:681-9:186), WFNS (OR = 3:686, 95%CI = 2:346-5:792), HAIR (OR = 3:385, 95%CI = 2:000-5:742), SAH score (OR = 2:806, 95%CI = 1:799-4:374), mFS (OR = 2:439, 95% CI = 1:242-2:645), and the SEBES (OR = 1:631, 95%CI = 1:151-2:313). All scales displayed a trend between increasing scores and poor outcome rates: the WFNS (P for trend < 0:001), HH (P for trend < 0:001), mFS (P for trend < 0:001), SEBES (P for trend < 0:006), VASOGRADE (P for trend < 0:001), HAIR (P for trend < 0:001), and the SAH score (P < 0:001) (Table 2 and Figure 2 ). All scales but the SEBES (AUC = 0:711, 95%CI = 0:641-0:775) showed favorable predictive accuracy. The order of AUC values were as follows: the VASOGRADE (AUC = 0:879, 95%CI = 0:824-0:922), WFNS (AUC = 0:865, 95%CI = 0:808-0:910), HAIR (AUC = 0:861, 95%CI = 0:803-0:907), SAH score (AUC = 0:829, 95%CI = 0:768-0:880), and the mFS (AUC = 0:789, 95%CI = 0:724-0:845) ( Table 2 ). No statistical difference was found between each grading scale, though VASOGRADE was more statistically accurate than SEBES (P = 0:034) and HH (P = 0:029) ( Table 3) .
Discussion
This study validated and compared the predictive performance of aneurysmal SAH prognostic grading scales in negative-angiogram SAH patients. The effectiveness of each Each scale was significantly associated with DCI and presented a trend among rising scores and DCI rates. However, only the VASOGRADE, HAIR, mFS, and WFNS showed the good predictive accuracy (AUC > 0:750) of DCI (Table 2 ). In addition, each scale showed an association and good trend with poor outcome as measured by mRS. The predictive accuracy excelled in all scales, with the exception of the radiological scales (mFS and SEBES) for predicting mRS 3-6. However, the mFS had increased accuracy when predicting mRS 4-6 ( Table 2) . The VASOGRADE maintained a favorable and leading predictive performance in each outcome category of our study. The VASOGRADE simply combined the WFNS and the mFS to stratify the DCI risk into green, yellow, and red. Furthermore, it was validated by a cohort of 746 aneurysmal SAH patients, which presented an acceptable discrimination (AUC = 0:630) and calibration for the prediction of DCI [8] . However, the discrimination of VASOGRADE for predicting DCI and poor outcome in angiogram-negative SAH is quite higher than the aneurysmal SAH in our study, showing an eligible predictive performance for angiogram-negative SAH patients. In contrast, HAIR seems more complicated than VASO-GRADE, which was a typical risk stratification scale derived from multivariate logistic regression analysis ranging from 0 to 8. It combined variables, such as HH, age, and intraventricular hemorrhage and rebleed. It then assigns a corresponding score to predict the in-hospital mortality of SAH patients. HAIR did not distinguish between aneurysmal and nonaneurysmal SAH in the derivation and validation cohorts. They claimed that HAIR can also be utilized in the angiogram-negative SAH patients, and the AUC value in their study is quite high (AUC = 0:910) [9] . However, as we measured HAIR, we found that it does have favorable predictivity compared to the other scales, but it was not better than its original AUC value. Similar to HAIR, the SAH score used multivariate logistic regression analysis in aneurysmal SAH patients' risk factors to build a risk score that combined the Glasgow Coma Scale, age, and comorbidities for prediction of mortality [10] . In this study, we found that the SAH score also can be a viable predictive scale for predicting poor outcomes (AUC = 0:806 for predicting mRS 3-6 and AUC = 0:829 for predicting mRS 4-6), but not DCI (AUC = 0:710) of angiogram-negative patients.
As a combined scale, the VASOGRADE, HAIR, and SAH scores were originally designed to avoid the limitations of a single score [8, 9] . Those single scales mainly focused on the clinical symptoms or radiological images, which may potentially misdiagnose patients presenting with serious radiological imaging and mild clinical symptoms. However, it was found that the combined grading systems showed no superiority compared with the clinical score in predicting DCI and unfavorable patient outcome in aneurysmal SAH patients [15] . Interestingly, the dominance of VASOGRADE in predicting DCI and poor outcome was shown in the angiogram-negative SAH patients of our study. Additionally, there was statistical significance when compared with SEBES for predicting poor outcome. We speculate that the treatment of aneurysmal SAH, such as clipping or coiling, and the existence of differences among the analysis cohorts, particularly with respect to the varying ratios of the percentage of clipping or coiling treatments used with each respective study, may interfere with the predictability of scales.
SEBES is a recently proposed radiological scale that emphasizes early brain changes that emerge on CT imaging. 
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It assesses early brain edema and assigns points ranging from 0 to 4, according to the visible sulci and disruption of the gray-white matter junction at two predetermined levels in each hemisphere to predict the DCI and poor outcome of aneurysmal patients. After validation in 164 aneurysmal SAH patients, SEBES showed a good AUC value (0.790 for predicting DCI and 0.780 for predicting poor outcome) [7] , but the predictive accuracy was relatively unremarkable in the angiogram-negative in our study, especially when compared to the combined scales of VASOGRADE. As a newly proposed radiological scale, we suggest further studies with larger cohorts to validate the effectiveness of SEBES in aneurysmal and nonaneurysmal patients.
A recent study compared grading scales in 423 aneurysmal SAH patients and found that the mFS was inferior to the clinical scales for predicting unfavorable patient outcomes due to cerebral infarction (P < 0:05 for AUC comparison) [15] . However, while predicting poor outcomes in angiogram patients, the mFS performed more poorly than the combined and clinical scales but did not reach the statistical baseline in our study. Conversely, it should be mentioned that the predictive performance (second OR and AUC value) of mFS for DCI is quite dif-ferent compared to the poor outcome in our patient cohort. Lastly, we speculate that the mFS may still be a viable option for predicting DCI in angiogram-negative patients, as it was originally designed in aneurysmal patients [6] .
Limitations.
There are some limitations present within our study. First, our study is a retrospective and singlecenter study, which may introduce potential bias in patient characteristics. However, the percent of angiogram-negative SAH in spontaneous SAH is 18.6% (208/1119), which is consistent with a previous study [17] . Besides, all angiogram-negative SAH patients were confirmed via CTA and DSA, and a repeated DSA was performed either 10-14 days after admission or one month after discharge to prevent misdiagnosis of angiogram-negative SAH. Second, potential bias may also exist in the definition of DCI and radiological scores. Additionally, it was difficult to assess the symptomatic vasospasm in patients with poor grade on admission. To limit such problems, we defined the DCI according to the criterion of previous studies [1, 7] . The radiological scales and DCI were independently evaluated by two senior neurologists who were blind to the clinical information. The DCI rate (5.8%) and poor .5%) of our study were also consistent with the past review reported (DCI: 0-9.6%; mRS 3-6: 0-12.6%) [17] . Second, there were also other studies that used different dichotomization of mRS or Glasgow Outcome Scale to assess the outcome, which may also introduce some bias to the performance of scales [18] . To limit this bias, we used two mRS dichotomization to define the poor outcome and increase the comparability to other studies. Nevertheless, the other outcome measures, such as in-hospital motility, mobility, and other prognostic scales or long-term outcomes should also be investigated. Third, the number of patients is relatively small, consecutive, and nonrandomized in our study, which may reduce the power and validity of the results. To avoid the confounding effect when comparing each scale, patients were excluded if they had serious comorbidities or sought care more than 3 days after SAH onset. Despite this consideration, a multicenter collaborative prospective validation with an increased cohort size is still recommended in future studies.
Conclusion
We have shown that VASOGRADE, HAIR, and WFNS may be a promising prognostic tool for predicting both DCI and poor outcome (mRS 3-6 and mRS 4-6). The 
